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TECHNIQUES FOR EVALUATING THE SOUND 
ABSORPTION O F  MATERIALS AT HIGH. INTENSITIES 

By John G. Powell  and  John J. Van Houten 

LTV Research Center,  Western  Division 
Ling-Temco-Vought, Inc. 

SUMMARY 

Two unique  methods  applicable t o  eva lua t ion   of  the sound 
abso rp t ion   cha rac t e r i s t i c s   o f   ma te r i a l s   have   been   i nves t iga t ed .  
The e f f o r t   c o n c e n t r a t e d  on  methods s u i t a b l e   f o r   e v a l u a t i n g  
materials under  consideration  for  sound  reducti .on  treatment 
i n  j e t  engine   nace l les .   S ince  many sound  absorbing  materials 
become non-linear at the  sound in t ens i t i e s   encoun te red   i n  the 

intake  and  fan  exhaust  ducts,  a need e x i s t s   f o r  a convenient 
method of t e s t i n g   a t  these i n t e n s i t i e s   i n   t h e   l a b o r a t o r y .  
Both techniques   eva lua ted   dur ing   th i s   s tudy  a re  capable   of  
f u l f i l l i n g   t h i s   r e q u i r e m e n t .  The methods inves t iga ted   involve  
a tone-burs t technique  and a shock-tube procedure. 

A tone-burs t   t echnique   has   becn   successfu l ly  ernployed t o  
eva lua te   var ious   types   o f   mater ia l s  from 500 Hz t o  10,000 Hz.  

This technique   provides   sound  pressure   l eve ls   s ign i f icant ly  
higher   than may be achieved  by  use  of  the impedance  tube method 
of absorption  measurement. 

I n   t h i s   t e c h n i q u e ,  a narrow  bandwidth  tone  burst  is propagated 
down  a tube  which is tesmj.nat.ec1 f i r s t  w i t h  a r i g i d   s u r f a c e ,  
then with a saqple of the absorp t ive   mater ia l .  A wall-mounted 

1 



microphone is  used  to   measure  the  pulse   ampli tude  before   and 

a f t e r   t e f l e c t i o n  from t h e  tube  termination.  This  data is  then 
used  to   determine  the  normal   incidence  ahsorpt ion  coeff ic ient .  

Spec t r a l   da t a  is ob ta ined   w i th   t h i s  method b y   f i l t e r i n g  a 

s inuso ida l   t one   bu r s t .  The passhand of the   one- th i rd   oc tave  

f i l t e r   c o i n c i d e s  closely with   the   cen t ra l   lobe  of the  frequency 
spectru-m  of a tone   burs t   o f   e igh t -cyc le   dura t ion .   Therefore ,  

t h e   f i l t e r e d   t o n e   b u r s t  i s  a narrow-band  pulse,   the  pulse 
width i n  th i s   case   be ing   one- th i rd   oc tave .  

Several  methods of us ing   the   shock   tube   to   per form  h igh- in tens i ty  

absorption  measurements  were  investigated.  The most  promising 

involves   the  generat ion of a shock wave produced  by  rupturing 
a diaphragm  in a shock  tube  and  the  expansion o f '  t he  vmve 

through  an  exponent ia l   area  t ransformation.   This  weakens t h e  

shock  strength,   thereby  circumventing  problems  associated  with 
t h e   l a r g e   p r e s s u r e  jump encountered i n  the  normal  shock  tube. 
The abso rp t ion   coe f f i c i en t   o f  a sample of mater ia l   p laced  i n  
t h e  end of the   tube  is determined  by  comparing t h e  r a t i o  of t h e  

r e f l e c t e d   t o   i n c i d e n t   p r e s s u r e  jump w i t h   t h e   r a t i o  measured f o r  
a r i g i d  end  termination. 
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INTRODUCTION 

Sound pressure   l eve ls   in   the   in le t   duc t   o f   commerc ia l   fan  
j e t  a i r c ra f t   can   ea s i ly   exceed   170  dB ( r e f .  1). I t  has  been 
shown b o t h   t h e o r e t i c a l l y   ( r e f .  2 )  and  experimental ly   ( refs .  
3 and 4)  t h a t   t h e  sound  absorp t ion   charac te r i s t ics   o f  
mater ia l s   under   cons idera t ion  €or t r e a t i n g   t h e s e   f a n   d u c t s  
become n o n - l i n e a r   a t  sound l e v e l s   s i g n i f i c a n t l y  b e l o w  t h i s  
level .   Therefore ,  a need e x i s t s   € o r  a convenient  laboratory 

method  of  evaluating  these  materials  at   high  sound  levels,  
and it  i s  toward t h i s  end t h a t   t h i s  program  has  been  directed. 

One of  the  most conlmon duct   l ining  concepts   current ly   under  
cons idera t ion  f o r  u s e   i n  j e t  engines   consis ts   of  a t h i n   s h e e t  
of absorbing  mater ia l   supported  by a honeycomb skruc.ture,  which 
i s  backed  by  an  impervious  sheet  of aluminum.  The absorbing 
m a t e r i a l  i s  most commonly  a f e l t e d   o r  woven m e t a l  c l o t h ,   o r  
f i be rg la s s   r e in fo rced  epoxy or   po ly imid ,   o r   o ther   s imi la r  
mater ia l .   This   s t ruc ture   forms  a resonant   absorber  on t h e  
order   of   one  inch  thlck.  The abso rbe r   t yp ica l ly  becomes  non-- 
l i n e a r   a t  sound pressure l eve l s   o f  from 1 2 0  d B  t o  160 dB, 
depending  pr imart ly  upon the  absorbing  material   and  frequency. 

The  most commonly used  method o€ evalva t ing   these   absorbers  
i n   t h e   l a b o r a t o r y  i s  t h e  impedance  tube in conjunct ion  with 
flow  resistance  measurements. A f low  duct   interconnect ing 
two reverberation  chambers  has  been  used  (ref.  5) t o  
perform  fuI. l .-scale  measurements  in  the  prese~ice of flow. 
These methocis,  however, a r e   no t   gene ra l ly   capab le  of 
reproducing  the  high  sound  pressure  levels   encountered  in  
the  fan  ducting,  and  hence  do  not  reveal  the  non-linear 
c h a r a c t e r i s t i c s  of the  absorber .  
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Two methods  which a re   capab le  of measuring  the  sound 
absorp t ion  of duc t   l i n ing   s amples   a t   t he   h igh   sound  

i n t e n s i t i e s   d e s i r e d  w e r e  s tud ied   dur ing   th i s   p rogram.  
One of t hese  i s  2 tone-burst   technique,   and  the  other  

u t i l i z e s  a shock  tube.   In   the  tone-burst   technique,  a 

narrow  bandwidth  tone  burst  i s  r e f l e c t e d  from the  sample, 
and   the   absorp t ion   coef f ic ien t  i s  determined  from  the 

reduct ion   in   ampl i tude   o f   th i s  pulse .  The u s e  of a tone 
burs t   has   severa l   advantages ,   the   one  most p e r t i n e n t   t o  

t h i s   a p p l i c a t i o n   b e i n g   t h a t   t h e   r a t e d  power handling 
capabi l i ty   o f   the   e lec t roacous t ic   sound  source   can  be 

exceeded  by a factor  of  ten.   For  example,   loudspeakers 

r a t e d   a t  40 wat t s   have   been   dr iven   wi th   tone   burs t s  of 

600 watts  peak  without damage t o   t h e   u n i t s .  The maximum 

sound  pressure  capabi l i ty  i s  thus   i nc reased   s ign i f i can t ly .  

Commercially  available  equipment  was  used  throughout  this 

program;  considerably  higher  levels  could be expec ted   for  

modified  or  specially  designed  equipment.  

The o the r  method,  which u t i l i z e s  a shock  tube,  produced 

p r e s s u r e s   t h a t  w e r e  too   h igh ,   resuI . t ing   in   da ta  s o  f a r   i n  
the   non- l inear   reg ion   tha t   the  r e s u 1 . t ~  covld  not  be 

reconcilcd  with  impedance  tube or  tone-burs t   da ta .  However, 

a technj.que  for  expanding  the shock f ront ,   thereby  weakening 
i t ,  was cons idered   br ie f ly .   This   approach  shows cons iderable  

promise, hut fu r the r   i nves t iga t ions   a long   t h i s   I . i ne  would 

have  been  beyond  the  scope  of  the  current  stvdy. 

These  methods a r e  desc r ibed   i n   t h i s   r epor t ,   wh ich  i s  

broken dowil i n t o   s e v e r a l  main scc t . ions .   F i . r s t ,   the  impedance 

tube  used a s  a standarci  for  comparison i s  b r i e f l y   d e s c r i b e d .  
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The next  two sec t ions   descr ibe   the   tone-burs t   tuba   and  
shock tube  techniques.   Both  sections  begin  with a 
gene ra l   desc r ip t ion  of the  technique,  followed  by a 
t h e o r e t i c a l   d i s c u s s i o n .  The s e c t i o n  on the  tone-burst  
tube  then  descr ibes   soxe  experimental   detai ls ,   and  both 
sections  conclude  with  examples  of  absorption  data 
gathered by the   respec t ive   t echniques .   Conclus ions   a re  
p r e s e n t e d   i n   t h e   f i n a l   s e c t i o n .  



I 

TONE-BURST TUBE MEASUREMENTS 

General  Description of t h e  Technj-que 

I n  th i s   exper iment ,   an   e lec t rodynamic   d r iver   i s   a t tached  
t o  one end of a tube and. a- sample  holder   to   the  other .  
A microphone is mounted  through the tube w a l l  a t  any one 
of   severa l   s ta t ions   loca ted   be tween  the   d r iver  and the 

mid-section  of  the  tube.  The a c o u s t i c   s i g n z l  is a sound 

pulse   cons is t ing   o f  a f i l t e r e d   t o n e  bllrst. 

To make an absorption  measurement,  the  sample  end of t he  

tube is f i r s t   t e r m i n a t e d  in .  a r i g i d  meta.1 su r face .  The r a t i o  

o f   t he   r e f l ec t ed  t o  incident   pulse   ampli tude for t h i s   c a s e  

is used t o   c a l i b r a t e .   t h e   t u b e .  The r i .gid  tenninat ion is 

then  replaced  by a sample  and the measurement is repeated.  

The c a l i b r a t i o n   d a t a  is  u s e d   t o   e l i m i n a t e   t h e   e f f e c t s  of 

tube losses and the  a?3sorption  coefficient  of  the  sample 
is  e s t ab l i shed  from the two sets of  measurements. 

Single  pulses  have a hrcad  frequency  spectrnm. Hawever, 

it i s  possible   to   produce a narrow  band  pulse wT1ich 
r e a d i l y  leiids i t s e l f   t o   t h e   g a t h e r i n g  of absorpt ion  data .  

Such a pul.se is generated by pass ing   the   ou tput  of a tone- 
burst   generator   through a band   pas s   f i l t e r   cen te red   a t  

the  tone  burst   f reqzency . The tone--burst   gcncrator  out.- 

pu t  in t h i s  cclse is  e s s ~ n t i a l l y  a s ing le   s j . nuso ida l   bu r s t ,  
b e g h n i n g   a t   t h e  s i g n a l  zero cxossing,  con.tj.nuing at 
constant  a~npIi . tude and  frequency fo:r: a pre-sel.ected  nunher 

of cyc!.es,  and s topp ing   a t   ze ro   c ros s ing .  fiAs wil.1. be 

discx~.~seci i n  detaj.3. J.;li:cx, wj th a proper  selectj.o,J o? 
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parameters ,   only  the  center   lobe of the  tone-burst  
frequency  spectrum i s  passed by t h e   f i l t e r ,   r e s u l t i n g  
i n  a narrow  band  pulse. 

Theore t ica l   Cons idera t ions  

To ob ta in   t he   abso rp t ion   coe f f i c i en t  from the   tone-burs t  
tube  measurement, it i s  n e c e s s a r y   t o   e l i m i n a t e   t h e   e f f e c t  
of tube  losses  from  the  measured  data.   This  can  be 
accomplished by performing a msasurement  with a r i g i d '  end 

te rmina t ion ,   and   then   repea t ing   the  measurement with a 
sample  of  absorptive  material  in the  end. 

It w i l l  be  assumed t h a t  a, t h e  normal  incidence  energy 
absorp t ion   coef   f ic icn t ,  1 s  zero   €or   the   tone   burs t   tube  

wit.h a r ig id   me ta l  end terminat ion.   This   has  been shown t o  
be a valid  assumption  within  experimental   error  from 
measurements made wi th  a microphone  located  f ive  to   ten 
wavelengt.hs  from  the  end of the  tube.   Therefore ,  we can 
use empty tube  measurements to   determine  tube  propagat ion 
lo s s  d i r e c t l y .  

Referring  to  Pi .gure 2 ,  we make the   fo l lowing   de f in i t i ons :  

W ( x , t )  = energy i n  the   tone   burs t   wi th   the   tube  empty 

E ( x ,  t )  = energy i n  the  tor,e b u r s t  f o r   t he   t ube   w i th  a 

Subscr ip t  i r e f e r s   t o  a pu l se   t r ave l ing  from p o s i t i o n @  

Subscr ip t  r r e f e r s   t o  a pulse   t raveI . iny i n  t h e   d i r e c t i o n  

( r i g i d  end @ t e rmina t ion)  

m a t e r i a l  sample a t   l o c a t i o n @  

t o   p o s i t i o n  @ ( inci .dent)  

from@ t o  @ ( ref l .ccted)  

measured a t  positfLons @ a.nd@, respec t ive ly .  
Subsc r ip t s  1 and 2 r e f e r  to y u a n t i t i g s  as they would  be 
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MICROPHONE 
DRIVER 

TONE-BURST TUEE S A M P L E  

L 

~ _"" ____ 

10 



The ene rgy   l o s t  by the   pu lse   whi le   p ropagat ing  down the  
tube  from 2 to 1 (or from 1 t o  2 )  is  independent  of  the 
tube  terminat ion.   Expressing  this   mathematical ly ,  

Dividing  the  numerator of bo th   s ides  of t h i s   equa t ion  by 
Eli and the  denominator by E2i, 

E2 i E 2 i  

The q u a n t i t i e s  i n  this   re la t i .on  have  the  fol lowing  physical  
meaning : 

- Elr = t h e   r a t i o  measured a t  the  microphone  with a 
Eli 

RS sample i n  t h e  end of the  tube 

" - R t h e   d e s i r e d   e n e r g y   r e f l e c t i o n   c o e f f i c i e n t   o f  
E2 i the  sample (R = 1-a) 

I n  the   ac tua l   exper iment  we a r e   f r e e  to set t he   i nc iden t  
l e v e l  a t  t h e  microphone  equal  for  both  the  rigPd  and sample 
tube  terminat ions;   hence,  

with  the  1-evels   adjusted so t h a t  ( 3 )  holds,  wc a l s o  have 

11 



Using ( 3 )  , 

the r a t i o  measured a t  the  microphone  with  the  r igid tube 
terminat ion.  And f i n a l l y ,   u s i n g  (4),  

s i n c e   t h i s  is t h e   e n e r g y   r e f l e c t i o n   c o e f f i c i e n t  of t h e  

r ig id   t e rmina t ion   and  was assumed t o  be unity.   Rewri t ing 

equat ion ( 2 )  i n  terms of   the  measured r a t i o s  ? and Rs 

a n d   t h e   d e s i r e d   r e f l e c t i o n   c o e f f i c i e n t  R, 
0 

or , sin.ce ene:cyy is p ropor t iona l  t o  pressure  squared,  

where   the   subscr ip ts  i and. r r e f e r   t o   i n c i d e a t  and 
r e f l e c t e d   p r e s s u r e  pu-lses and s and o r e f e r  t o  a sample 

o r  r i g i d   t e r m i n a t i o n ,   r e s p e c t i v e l y .  The l a s t   s t e p  

follows s i n c e  pis = Pia. l'hus, t h e  sample  ref lect ion 
Coef f i c i en t  is simply t h e  square of the  ra t j .0   of  the 

re f lec ted   pu lse   ampl i tudes  w i t h  and  without a. sample 
i n   t he   t ube .  The normal. inc:i.dence e1lej:gy absorp t ion  
coeff:i.cj.e>.lt: of t.hc sample is ' C ~ C I : C ~ ~ O ! ~ C !  givcn 3 3 ~  

l v  \ 2  
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The technique must be capable  of providing the absorpt ion 
c o e f f i c i e n t  as a function  of  frequency. A t r a n s i e n t   s i g n a l  
conta ins  a broad  band  frequency  spectrum so that   narrow  band 
frequency  data  can be o b t a i n e d   b y   f i l t e r i n g  the r e f l e c t e d  
s igna l ,   l ook ing  a t  a narrow  bandwidth. However, i f  the d r i v e  
s i g n a l   a p p l i e d  t o  an  electrodynamic  transducer  contained  broad 
band  components, the sound  pressure  obtainable   in   any  narrow 
frequency  band  would be severe ly  l imited.  Hence, it is  
d e s i r a b l e  t o  use  a narrow  bandwidth  pulse  for the d r i v e   s i g n a l .  
Such a s i g n a l  is  desc r ibed   i n  the follow.i.ng  paragraph. 

Tone burs t   s igna ls   o f   four   and   e ight -cyc le   dura t ion  are shown 
i n   F i g u r e  3 ,  where T is  t h e  peri.od of t h e   s i n e  wave and N t h e  
number o f   cyc le s   i n   t he   t one   bu r s t .  Those s i g n a l s  are des- 
cribed analyt ica1l .y   by  the  func-t ion 

f (t) = 

where U) i s  the  ancrular  frequency  of the  s inu-soidal  wave form. 
0 

A A 

N T  

N = 4  
N T  

N = 8  
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The frequency spec t rum can be found by t ak ing  t h e  Four ie r  
cosine transform: 

NT 
F ( w )  =/ f (t) cos wt d t  = f Nt cosw tcoswt d t  I 0 

0 0 

W 
0 

0 w 
0 
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The output   func t ion  g ( t )  is given by the inverse   Four ie r  
transform 

I 0 elsewhere 

and   no te   tha t  ((91) is  given b y  ( re ference  6)  

where@  denotes  convolution  and 6 i s  t h e   d e l t a   f u n c t i o n .  

The output   funct ion g ( t )  i s  now found from the   i nve r se  

Fourier   t ransform o f  F ( w )  : 

R 
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Evaluation of t h i s  i n t e g r a l   y i e l d s  

where S i  (x) is  t h e  s i n e   i n t e g r a l   f u n c t i o n  

X 
S i  (x) = % dx 

A computer 
t h e   s e r i e s  
t i o n   f o r  N 

program was w r i t t e n   t o   c a l c u l a t e   g ( t )   b a s e d  on 
expansion  of S i  (x). The r e s u l t s  of t h i s  computa- 
= 4 and N = 8, wi th   the   cen ter   f requency   equal   to  

2 kHz and the   one- th i rd   oc tave   f i l t e r   bandwidth  assumed f o r  
this   purpose t o  be 466 Hz is shown i n  Fiqure 6.  This  can 
be  compared with  Figure 13-b  which is an oscil loscope  photo- 
graph for N = 8. 

Defini t ion  of  Peal: Pressure  Level 

Before  proceeding, it is necessary t o  d.efi.ne peak pressure  
l e v e l  (PpTA). Mormal.ly, t h e  term s0u.n.d p r e s s u r e   l e v e l  (SPL) , 
is used t o   desc r ipe  pressure levels.  However, t h i s  j.s bascd 

on an r n l s  value which has no meaning b7hcn describ5.l-q pressures  
of   the  type  being  considered here. These p res su res   a r c   d i s -  
contin.uous  functions of time. F?xthe:cmore, i n  the   case  of 

the  shock tube   d i scussed   in  a l a t e r   s e c t i o n ,   t h e y   a r e  not 
symmetr ical   wi th   respect   to   the  amhien-t   pressure and a r e   n o t  
pe r iod ic  i n  time. The pe r iod ic i ty   ev iden t  in osc i l l o scope  
photograpl1s of a shoclc tube is cletcrmFncd solely by tube 
length  and sensor  locatj .on,  and is n o t  r e l a t e d  j.n amy way t o  
the frequency co1lCen.t o f  tJ1c i n p u t  p ressure  func"ij.on. 
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I- 

Determination of an " r m s "  va lue   fo r  a s igna l   involves  
eva lua t ion  of a n   i n t e g r a l  of t h e  form 

where p ( t )  is the   p ressure   func t io l l  a.nd T i s  the   pe r iod  of 

a r e p e t . i t i v e   s i g n a l  or  the   du ra t ion  of a pulse.   Obviously,  
t h e  peak  pressure i s  n o t   r e l a t e d   t o   t h e  " r m s "  p r e s su re   fo r  
a non-recurrent   pulse ,   the   Lat ter   depending  only on t h e  
magnitude of the  area  under   the  pressure- t ime  curve,   not  on 
the   ampl i tude  

W e  w i l l ,  t he re fo re ,   u se   t he   t e rm peak  pressure  level ,   abhre-  
v i a t e d  PPL, t o   desc r ibe   t he   p re s su re   ampl i tude  and  def.i.ne 
t h i s   a s  20 log of   the  zero- to-peak  pressure of the  pr imary 
shock wave or   of   the   zero- to-peak  pressure of t h e  maximum 
v a l u e   o f   t h e   f i l t e r e d   t o n e   b u r s t   e n v e l o p e ,   r e l a t i v e   t o  
0.0002 cIynes/cm". 
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Experimental  Procedure 

The signal   descr ibed  in   Equat ion (8) is r e a l i z e d   i n   p r a c t i c e  

as   fol lows.   Referr ing  to   Figures  7 and 8, the  output  from  a 
s i n e  wave o s c i l l a t o r   s u p p l i e s   t h e   s i g n a l  t o  a  commercially 

ava i lab le   tone-burs t   genera tor .  The tone-burst   generator  is 
e s s e n t i a l l y  an e l e c t r o n i c   g a t e   t h a t   s w i t c h e s  on t h e   s i n e  wave 

a t  a pos i t ive   go ing  zero cross ing  and switches it of f   aga in  

a t  a pos i t i ve   go ing   ze ro   c ros s ing   a f t e r  a s e l e c t e d  number of 

c y c l e s .   m e n   t h i s   t o n e   b u r s t  is fed  through  a  one-third 
oc tave   band   pass   f i l t e r ,   the   resu l t ing   s igna l   appears   as  sho~m 
i n  Figures 7 and 14. The counter is  used   t o  set  t h e   o s c i l l a t o r  

f r e q u e n c y   p r e c i s e l y   t o   t h e   f i l t e r   c e n t e r   f r e q u e n c y .  "he  f i l t e r  
cannot  respond  instant.aneously,  so the  envelope  of  the  output 

s i g n a l  from the  filter has   a   g radual   r i se  and f a l l .  The t o t a l  
pulse  duratj .on is a funct ion  of   both  the number of cycles  i n  
t he   t one   bu r s t  and the   f i l t e r   charac te r i s - i i i cs .   This   s igna l  

is amplified  and  appl. ied  to  the  electrodynamic  loudspeaker 
which generates   the  desired  acoust ic   pulse .   This   pulse   propagates  

down the   tube  past   the   microphone  to   the sample where it is 

r e f l e c t e d .  The r e f l e c t e d  puI.se  then t r a v e l s  up  and down the  
t u b e ,   r e f l e c t i n g   o f f   t h e   d r i v e r  and  sample un t i l   t he   ene rgy  

is dissipated.  "he  microphone  output is passed  throu.gh 

a n o t h . e r   i d e n t i c a l   f i l t e r  and read  out  on an osc i l loscope .  

In   o rder   to   read   the   ampl i tudes   o f   the   inc ident   and  f i rs t  re- 
f l e c t e d   p u l s e   a c c u r a t e l y ,  a d i f fe ren t ia l   compara tor  is used i n  
conjunct ion  with  the  osci l loscope.  With t h i s  u n i t ,  an  o'ffset 

vo l tage  i s  appl ied  so  t h a t  a  1.1-volt s igna l ,   f o r   i n s t ance ,  can 

r e a d   a t  a c ief lect ion  factor  O F  lMv/cm. w i t h  this approach  the 
resoluLj.on i n  s i g n a l  arnp1.itucle is l i m i t e d  only  by  system noise 

be 
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FIG.  8 .  TONE BURST T U B E  



In  this  experiment  most  measurements  were made with  the number 
of   cycles ,  N, i n  t h e   t o n e   b u r s t   e q u a l   t o  8, s ince  the  pass   band 
of   the   one- th i rd   oc tave   f i l t e rs   co inc ides   a lmost   exac t ly   wi th  
t h e   c e n t r a l   l o b e  of the  frequency  spect-rum  of  this  signal.  
However, a t  low frequencies  (400 Hz and 500 H z ) ,  wi th   a '   20-foot  
long   tube ,   the   inc ident  and r e f l ec t ed   pu l se s   ove r l ap   fo r  N = 8, 

so that   these  data   were  taken  with N = 4. The disadvantage 
of  using N = 4 is t h a t   t h e   f i l t e r   f r e q u e n c y   c h a r a c t e r i s t i c   c u t s  
th rough  the   s teep   s lope  of t h e  main lobe  of  the  tone-burst  
spectrum,  making t h e   s i g n a l   l e v e l   s e n s i t i v e   t o   s m a l l   s h i f t s  
i n   o sc i l l a to r   f r equency .  

For a given  value  of N, t h e r e  is a m i n i m u m  tube  length which 
w i l l  space   the   inc ident   pu lse   and   the   pu lse   re f lec ted  from the  
sample f a r  enough a p a r t  s o  tha t   t hey  do n o t   o v e r l a p   s u f f i c i e n t l y  
to   a l t e r   t he   appa ren t   pu l se   ampl i tudes .  The a r r iva l   t ime   o f  
t h e   r e f l e c t i o n   o f f   t h e   d r i v e r  is a l so   o f   concern   bu t   s ince  it is 

of  lower  ampli.tude,  a  greater  d.egree  of  overlap  can  be  tolerated 
before   the  accuracy i s  degraded. I n  genera l ,   the   d r iver - to-  
microphone  spacing  should  be  about  one-third  of  the  tube  length. 
Phis  si tuation  worsens  as  the  frequency is  decreased  s ince  the 
subsequent  pulses  are  of more nea r ly   t he  same amplitude  and  since,  
fo r   cons t an t  N,  the   pu lse   dura t - ion   increases .  A n  empir ica l ly  
determined !nini~nu.rn tube   l ength   as  a function  of  frequency is 

shown i n  Figure 9 fo r  N = 4 and N = 8. For t he  da.t.a gathered 
i n  t h i s  program,  tube  lengths of 20  f e e t ,  10 f e e t ,  and 5 f e e t  were 
used t o  span  the  frequency  range from 400 I'lz t o  1.0 kHz. 

~ u b e   d i a n e t e r   i n f l u e n c e s   t h e  measurements i n  two important ways : 
a t tenuat ion   of   the   pu lse   wi th in  t.he tube j.nc.rea.ses as the  diameter  
decreases,   and  the tube diameter must  relnain  smaller  than  about 
a ha l f   wavelength   to   main ta in  a. p lane wave. Obviously, it is 

desirable   to   minimize  tube  length so  a s   t o   nax imize   t he   pu l se  
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amplitude  c+pabiI.i'cy a t  the  sample  surface.   Figures   10 
.and 11 show measured  values   of   sound  a t tenuat ion  in  the tubes 
used j-n this   experiment;   Figure 10 for a 2-ir1ch  dialne-Ler tube 
and  Figure 11 f o r  a 3/4-inch  diameter  tube.   Note  that   in 
bo th   ca ses   t he   a t t enua t ion  ra te  becomes non l inea r   fo r  peak 
p r e s s u r e   l e v e l s  (PPI,) above  140 dB. 

These a t t e n u a t i o n   r a t e s  w e r e  determined  from  measured  incident 
and r e f l ec t ed   t one -bur s t  levels i n   t h e  empty tube  by  assuming: 
1) t h e   r e f l e c t i o n   c o e f f i c i e n t   o f  the r i g i d  end  termination 
is uni ty ,   and 2 )  t h e   a t t e n u a t i o n   f o l l o w s   t h e   r e l a t i o n  

P = P0e 
-$X 

where p is t h e  PPL o f   t he   t one   bu r s t .  These d a t a   c l e a r l y  s h o ~  
t h a t   s i g n i f i c a n t l y   h i g h e r   i n c i d e n t  ??!?In's can be obtained  by 
maximizing  tube  diameter  and  minimizing t u b e  l e n g t h ,   p a r t i c u l a r l y  
a t   h i g h   f r e q u e n c i e s  and PPL's. As an  exa~qpJ.e, a t  160 dB PPL 

and 4. kHz, an  increase of 5 dB could  be  real ized  by  reducing 
t h e   t u b e   l e n g t h  from 10 f e e t   t o  5 f e e t ,  and  almost an. addi t iona1  
4 dB could be real ized  by  increasimg  tube  diameter  from  3/4-inch 
t o  2 inch.es,  for a . n e t  i nc rease  of near3.y 9 dB a t   t h e  sample 

s l r face .  

The maximum PPL a t   t h e  sample surface  achieved  with  opt imized 
tube  dimensions,   for   the  parkicular   amplif ier   and  dr iver   used 
i n   t h i s   e x p e r i m e n t  is showm i n  Ficju:ce 1 2 .  It is s e e n   t h a t   t h i s  
maximum l e v e l   v a r i e s  from  166 dE at .  500 IJz t o  158 dB a t  1 0  kHz. 

When the   ou tpu t  from the   tone-burs t   genera tor  is a p p l i e d   t o   t h e  
f i l t e r ,   t h e   e n v e l o p e   o f  tJ1e r e s u l t i n g   p u l s e  is dete:cmined sole3.y 
b y   t h e   f i l t e r   c h a r a c t . e r i s t i c s  for  a given  value of N. The pulse 

ampli tuds  bui lds   up sJ.ow3.y t o  j - t s  maxhum vaJ.ne, and  continues 
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ONE-THIRD OCTAVE  CENTER  FREQUENCY IN HERTZ 
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with   decreas ing   ampl i tude   a f te r  the t o n e   b u r s t  is switched  off .  
The f i l t e r   u s e d  (B&K Type 2112 Audio  Frequency  Spectrometer) 
i s  of a very  high  order  (maximum slope  about  one  hundred dB/ 
octave) so tha t  a n   e x a c t   a n a l y t i c a l   d e s c r i p t i o n  of t h e   r e s u l t i n g  
s i g n a l  is v e r y   d i f f i c u l t .  However, a c lose   approximat ion   canbe  
obta ined   by   assuming  the   f i l t e r  i s  idea l ,   w i th  an i n f i n i t e l y   s t e e p  
s lope   and   t h i s  is  what was done in   the  previous  sect ion.   There 

are two anomalies  inherent i n  this  approximation:  the  appearance 
of   precursory waves a t  the beginning of t h e   o u t p u t   s i g n a l  
r e s u l t i n g  from t h e  assumed i d e a l   f i l t e r   ( i n f i n i t e   s l o p e ,   z e r o  
phase   sh i f t ) ,   and  G i b b s '  phenomenon ( r i p p l e )  on the  envelope 
of the   ou tpu t   s igna l .  However, when t h e   f i l t e r  bandwidth is 
less than -, where N and T are the  number and the   pe r iod   o f  
t h e   c y c l e s   i n   t h e   t o n e   b u r s t ,  no G i b b s '  phenomenon occurs.  This 
i s  the   ca se   fo r  E58 f o r   t h e  equipment u.sed i n  this   experiment ,  
s o  it is a good  approximation  for  the  signals  of  in-berest   here.  

2 
N T  

The use   o f   f i l t e r s   i n   t he   expe r imen t   desc r ibed   by   t he   b lock  
diagram in   F igu re  7 has   s eve ra l   advan tages   i n   add i t ion   t o   t he i r  
primary  function. For t h e  inpu.i: f i l t e r ,   t h e s e   i n c l u d e :  

1) The s i g n a l  is less d e s t r u c t i v e   t o   t h e   d r i v e r .   I n   t h i s   c a s e ,  
t h e   d r i v e r  is r a t e d   a t  40 w a t t s   e l e c t r i c a l   d r i v e ,   b u t   w i t h  
t h i s   s i g n a l  we  a r e   a b l e   t o   d r i v e  it with  400-watt peal: power 
pulses   without  damage. The d r i v e r  diaphra.gn1 assemblies  do 
not  break  unti l   peak  powers  approaching 600 w a t t s   a r e  
applied,  and  even a t   t h i s  level breakage is caused  simply 
from  diaphragm or  compliance  rupture  rat.l-,er  than from voice  
c o i l   h e a t i n g  a t  pulse   repe t i t ion   ra tes   o f   approximate ly  20 H z  

In  fact.,  a t  frequencies  above  approximately 1 kHz, the  sound 
l e v e l  is  l imi t ed   by   t he  power a m p l i f i e r   c a p a b i l i t i e s   ( a  260- 

wat t   audio   f requency   ampl i f ie r )   ra ther   than   by   d r iver  
l i m i t a t i o n s .  
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2)  The requirement on the   d r iver   and  power a m p l i f i e r   f r e -  

quency  response  capabi l i ty  i s  reduced t o  merely  one-sixth 

o c t a v e   a b o v e   t h e   h i g h e s t   t e s t   f r e q u m c y .   I f  an u n f i l t e r e d  
tone   bu r s t  w e r e  u s e d   i n s t e a d ,   t h e   p u l s e   c h a r a c t e r i s t i c  
would  begin t o  change a t   t h e   h i g h e r   f r e q u e n c i e s   a s   t h e  

system  upper  frequency  response  capabili ty began to be 

exceeded by the   h ighe r   f r equenc ie s   p re sen t   i n  su.ch  a 
sign.al .  

3 )  A l l  t h e  power d i s s i p a t e d  by t h e   d r i v e r  and ampl i f i e r  i s  

concent ra ted   near   the   t es t   f requency ,   maximiz ing   the   to ta l  

pu lse  power t h a t  i s  a v a i l a b l e   t o   e v a l u a t e   t h e   m a t e r i a l  

absorpt ion.  

The advantage  of  using a f i l t e r  on the   ou tput   inc lude  : 

1) The s i g n a l - t o - n o i s e   r a t i c  of t h e   s i g n a l  i s  improved.  Ambient 

room noise,  microphone, and microphone  amplifi .er   noise  set  
t h e  limit on signal .   resolut ion when a differen.Lia1  conparator  

osc i l loscope   p lug- in  i s  usedl   as   ment ioned  ear l ier .  Hence, 

the j.mpsovcmen’i i n   s igna l - to -no i se   a f fo rded  by use of an 

out-put f i l t e r  becomes s i g n i f i c a n t  

2 )  At the  high  dr ive  levels   used  for   measurements   a t   h igh-sound 
level...:, power a1npl.i f i e r  and d r i v e r   d i s t o r t i o n  becomes no t i ce -  

ab le .  The o u t p u t   f i l t e r  removes t h e s e   d i s t o r t i o n  comporlcnts * 

O s c i l l o ~ ~ o p ~ ?  phot.ographs of the   s ign .a l   jus t   descr ibed   a re  shown 

i n  Figure 1.3 e I n  Figure L3-a1 the  tone-burst   generator   outpi l t  
fo r  N = 8 i s  shown.. The r e s u l . t i n g   f i l t e r   o u t p u t  i s  shorn 3.n 

In’igure 13-b. ?‘he time  axes i.n t-hese  photographs  arc all i d e n t i c a l ,  

but t-he ampl.i.tude scales   have been. adju-s ted  to   approximately 

equal  excursion 011 the osc i l loscope .  The dr iver   output   without  

f i l . 1 : ~ ~ ~  j.n thc  system i s  shown i n  Figure  13-c, a n d  t h e  sanic 
signal.  b7it.h t h e  input f i l t e r   i n  i s  shoxn in Figure 1 3 4 .  
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a .  TONE  BURST  GENERATOR  OUTPUT b .  F I L T E R E D  TONE BURST 
( O N E - T H I R D  OCTAVE F I L T E R )  
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c .  DRIVER  OUTPUT  WITH  UNFILTERED d. DRIVER  OUTPUT  WITH  FILTERED  TONE 
TONE  BURST  INPUT BURST INPUT.  (ONE-THIRD OCTAVE FILTER) 

F IG .  13. TONE  BURST  INPUT  SIGNAL  AFTER  VARIOUS  STAGES OF PROCESSING. 
1K Hz CENTER  FREQUENCY, 8 CYCLE  DURATION. 



Typica l   inc ident  and r e f l e c t e d   t o n e   b u r s t s   ( f o r   t h e  empty tube)  

are shown i n  Figure 14. I n   a ) ,   t h e   s i g n a l   w i t h  no f i l t e r i n g   i n  
the  system is shown. Figure 14-b through  14-d show t h e   s i g n a l  

w i th   va r ious   deg rees   o f   f i l t e r ing .  The slow rise and f a l l  

r e s u l t i n g  from t h e   f i l t e r  i s  apparent .  Also note  the  lower 
n o i s e   l e v e l  ic c) and  d)  compared with b )  . This  noise  reduction 

becomes s i g n i f i c a n t  when the   s igna l s   a r e   h igh ly   ampl i f i ed  by 
the di f fe ren t ia l   compara tor   p lug- in .  The s igna l s   ac tua l ly   r ead  

by t h i s   t e c h n i q u e   a r e  shown in  Figure 15, from which it is 

apparent   tha t   wi th   th i s   degree   o f   magni f ica t ion   even   re la t ive ly  

small   noise  levels  can  reduce  the  readout.   accuracy;  hence,   one 

r e a s o n   f o r   t h e   o u t p u t   f i l t e r .  
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a. No F i l t e r i n g  b. Driver  input  only  Fil tered 

W 
W 

c. Microphone output   only  Fi l tered d.  Both dr iver   input  and  microphone 
output   Fi l tered 

FIG.  14. CHARACTERISTICS OF THE  INCIDENT  AND  REFLECTED TONE 
BURST  WITH  VARIOUS  DEGREES OF SIGNAL  F ILTERING 



a. 8 c y c l e  tone   burs t .  The l a r g e   p u l s e  i s  t h e   i n c i d e n t  
s i g n a l ,   t h e   c e n t e r   p u l s e  i s  t h e   r e f l e c t i o n  from t h e  
sample,  and t h e  l a s t  pulse  i n  t h e   r e f l e c t i o n  from t h e  
d r i v e r .  

b. This i s  t h e   s i g n a l  shown i n  Figure a )  but   wi th   the  
o s c i l l o s c o p e   v e r t i c a l   s e n s i t i v i t y   i n c r e a s e d  by a 
f ac to r   o f  10  and  an o f f s e t   a p p l i e d   w i t h   t h e   d i f f e r e n -  
t i a l  comparator t o   r e a d   t h e  peak  amplitude  of  the 
r e f l e c t i o n  from t h e  sample.   wi th   this   magnif icat ion 
the   i nc iden t   pu l se  i s  of f - sca le .  

F I G .  15. USE O F  THE  D IFFERENTIAL COMPARATOR 
TO READ P U L S E  HEIGHT 
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Applicat ion of the  Technique 

b 

. .  

The p rocedure   j u s t   desc r ibed  w a s  u sed   t o   ob ta in  low 
i n t e n s i t y  ( i . e . ,  i n   t h e   l i n e a r   r e g i o n )   a b s o r p t i o n  
c o e f f i c i e n t   d a t a  on  polyurethane foam, f iberg lass ,   po ly-  

urethane foam wi th  one--inch  thick honeycomb backing, 
f iber   meta l   wi th   one- inch   th ick  honeycomb backing,  and 
s in te red   b ronze  on  honeycomb. S imi la r   da ta  were obtained 
by  the  standard  impedance  tube  technique  for  comparison. 
These   da ta   a re   p resented   in   F igures   16   th rough 21. The 
agreement  between  the two methods of measurement is  

exce l l en t  and   demonst ra tes   the   genera l   charac te r i s t ics   one  
would  expcct  from  each  type OC absorber .   (See   re fs .  1 t o  5 and 
7 . )  The  d.ata  extends  nearly a n  octave  above  the upper 
1 i m l . t  of   the  impedance tube.  There  would be no inherent  
d i f f icu l ty   in   ex tending   the   upper   f requency  1 i r n i . t  
c o ~ ~ s i d e n a b l y  farther, o the r   t han   t he   f ac t   t ha t   t hc  tllbe 
l o s s e s  and. dr iver   1 i ln i . t a t ions  would Lend t o  reduce tile 

maxirnum Pi%. For  the  purpose  of  this  program, it i s  f e l t  
t h a t  1.0 kEi‘z is  a reasonable  upper frequency limit. 

The absorp.tj.or1  coef  Cici e n t  of t he  t l ~ r e e  resonant   absorbers  
( res i s t ive   Ina te r ia l .  on  honeycomb) w a s  de’i.erlnined a s  a 

functiorl c)? PPi,  t o  measure a!Ji:j cpatcd nor l l inear i t ies .  

The results of these  ~ncas:urernellts a r e  shown in   F igu res  21, 
2 2 ,  and  23. It  i s  seen that the f i b e r   m e t a l  and s i i ~ t e r e d  
metal  samples become q u i t e   l e v e l  dependcn’c  above 140 dB PPL 

a t   f requencies   above  1 kHz, while  the foam remaj-ns q u i t e  
l i n e a r  t o  6 kIIz. In   F igu res  2 i  and 2 3 ,  the   163 dB PI‘!, 

curve  extends oi1l.y t o  3 kHz bccause tube dimensions  were 
not  optiinj.zed  and *.he powcr arl;pl.ifS.er  was not capahle of 
dr iv i .11~~  the   t ransducer  t o  j . t s  pcak  capacity. 
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F I G .  16. ABSORPTION C O E F F I C I E N T  - POLYURETHANE FOAM 
W I T H  R I G I D  B A C K I N G .   C O M P A R I S O N  OF I M P E D A N C E  
TU3E AND T O N E  BURST TUBE DATA 



! 

ONE-THIRD OCTAVE  CENTER FREQUENCY IN HERTZ 
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FIG. 17 ABSORPTION  COEFFICIENT-FIBERGLASS 
COMPARISON OF IMPEDANCE  TUBE  AND  TONE BURST TUBE  DATA 



ONE-THIBD OCTAVE CENTE!? FREQUENCY IN HERTZ 
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F I G .  3-8 ABSORPTION COEFFICIENT-POLYURETFANE FOAM ON 1 INCH HONEYCOMB 
CONPARISON OF IMPEDANCE  TUBE AND TONE  BURST  TUBE DATA 
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FIG. 19 ABSORPTION  COEFFICIENT-50 RAYL FIBERMETAL ON 1 INCH HONEYCOMB 
CONTARISON IMPEDAXCE  TUBE AND TONE  3URST  TUBE  DATA 

ONE-THIRD  OCTAVE  CENTER  FREQUENCY IN HERTZ 
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FIG.  20. ABSORPTION COEFFICIENT - 120 R A Y L  SINTERED 
B 2 9 N Z E  ON 1 INCH HONEYCOMB.  COMPARISON OF 
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FIG. 2 1  VARIATION OF ABSORPTION  COEFFICIENT  WITH  SOUND.INTENSITY 



1 

4 5 6 7 3 ? 1 K  2 3 6 5 6 7 3 9 '  10K 

FREQUENCY IN HERTZ 
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SHOCK TUBE MEASUREMENTS 

General  Description of the Technique 

The shock  tube  used  in   this   program i s  simply a tube 
of uniform  diameter i n  which a d i a p b a g m   i n i t i a l l y   s e p a r a t e s  
two s e c t i o n s  a t  d i f f e ren t   p re s su res .   Bur s t ing  of the   d ia -  

phragm genera tes  a f low  containing waves of f in i t e   ampl i tude .  

The shock wave thus  produced  can be used   to   measure   the  

absorpt ion of high-intensity  sound  by  samples of a c o u s t i c  

absorbers .  

A block  diagram  of  this  basic  experimental   apparatus is 
showa in   F igure  24. The shock  tube  and  pneumatic  control 
console   a re  shown in   F igure  25. The 3-inch I. D. tube 

is  1 7  f e e t  loilg ove ra l l ,   w i th  a 5- foot   long   dr iver   sec t ion .  

P res su re   s enso r s   a r e   l oca t ed   a t  any   o f   s eve ra l   s t a t ions  

loca t ed   a long   t he   l eng th   o f   t he   t ube .  A movable p i s t o n  i n  
t h e  samp1.e holder  is  used   to   loca te   the   sample   sur face  or 
r i g i d   p i s t o n   f a c e  at t h e  same loca t ion  for a l l  measurements. 

The sensor   ou tputs  are passed  through  spectrometers,  which 

c o n t a i n   a m p l i f i e r s   a n d   o n e - t h i r d   o c t a v e   f i l t e r s ,   t o   o b t a i n  
absorp t ion   da ta   as  a funct:Fon of  frequency.  Nonnally, on1.y 

one  sensor is used ,   bu t  two a r e  shown in   F igu re  24, and two 
sensors  have  been used  t o  obtain  propagat ion loss information. 

Refexr ing   to   F igure  24,  the  sequence of events   during shock 
tu?3e ope:cati.on proceeds as follows. A i r  is admitted u m t i l  
t he  ciriver s e c t i o n  is at the  desj .red  pressure.   This 

pressure  determines  the  shock  s t rength  and  thus t h e  sound 
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output   ( re ferences  8 and 9 ) .  When the  burst   diaphragm is 
broken by an  e lectrody  mical ly   actuated  plumger ,  a shock 
wave propagates  down t h e   d r i v e r   s e c t i o n   o f   t h e   t u b e   ( a t  
n e a r l y   s o n i c   v e l o c i t y   f o r   p r e s s u r e   r a t i o s  of i n t e r e s t  i n  t h i s  

s tudy)   toward  the  sol id   or   sample  surface.   Simultaneously,  
a r a r e f a c t i o n  wave propagates back through  the   d r iver   sec t ion .  
These waves a r e   r e f l e c t e d  from the  ends  of   the   tube  and 
p ropaga te   i n   t he   oppos i t e   d i r ec t ion ,   where   t hey   a r e   aga in  
r e f l e c t e d  from the  tube  ends,   and so on. The quasi-steady 
flow  regions  induced  behind  these waves  upon  diaphragm rup tu re  
a r e   s e p a r a t e d  by the   gas   "p is ton"   c rea ted  by t h i s   r u p t u r e .  
T h i s   i n t e r f a c e  i s  ca l l ed   t he   con tac t   su r f ace .   P re s su re  and 
p a r t i c l e   v e l o c i t y   a r e   c o n s t a n t   a c r o s s   t h i s   s u r f a c e ,   b u t  
temperature  and  densj-ty  change  abruptly. 

The wave sys tem  in   the   tube  i s  shown i n   t h e   c h a r a c t e r i s t i c  
diagram of Figure 26. I n  p repa r ing   t h i s   d i ag ram,   t he  
v e l o c i t y  of t he   va r ious  waves i s  calcu1,ated by using w e l l  
known shock   tube   re la t ions   ( re ference  9 ) .  These   ve loc i t ies  
a r e   c o n s i d e r e d   a c c u r a t e   o n l y   t o   t h e   f i r s t   i n t e r a c t i o n  of t h e  
waves.  With the  except ion  of  thc i n i t i a l   d r i v e r   s e c t i o n  

pressure  P,, wave pressures  are  normally  expressed  as a r a t i o  

' i j  where : 

- ___ - Pressure   in   req ion  (i 
P i j  P re s su re   i n   r eg ion  (jj- (9 1 

Thus,   the   pressure jump across   the  incident   shock wave i s  PZ1 , 
wht le   t ha t   ac ross   t he   r e f l ec t ed   shock  i s  P S 2 =  
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p4 1 = 1.68 

P,, = 1.3 

P,, = 1.3 

P3.2 = 1 

P34 - PZc .76 - 

Ps.: = 1.8 
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r a r e f a c t i o n  wave, e tc . ,  and b) r e f l e c t i o n  from t h e   s o l i d  
end   p l a t e  or  from t h e  t es t  sample. 

I d e a l l y   t h e   p r e s s u r e  would  remain  constant  between  the 

a r r iva l   o f   the   inc ident   shock   of   p ressure   ampl i tude  P a and 
t h e   a r r i v a l   o f   t h e   r e f l e c t e d  shock of amplitude Pb - Pa a t  

the   p ressure   sensor   o f   F igure  27 .  The apparent  loss i n  

pressure  shown i n   t h e   f i g u r e   d u r i n g   t h e  time in te rva l   be tween 

these  two events  i s  caused.  by t h e  low frequency  rol l -off   of  
t he   p re s su re   s enso r  and e l e c t r o n i c s .  

F I G U R E  27. OUTPUT FROM SENSOR NO. 2 OF FIGURE 24 

The pr imary   goa l   o f   th i s   por t ion  of t h e  program  was t o  
d e t e r m i n e   t h e   p r a c t i c a b i l i t y  of u s ing  a shock  tube t o  measure 

t h e  sound  absorp t ion   charac te r i s t ics  of m a t e r i a l s   a t   h i g h  
i n t e n s i t i e s .  One method  of  doing t h i s  would be t o   t r e a . t , t h e  

shock  tube a s  a one--dimensional  reverberation chamber.  Such 

a not ion   has   severa l   appea l ing   fea tures .  
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One is  t h e   f a c t   t h a t   t h e  sound f i e l d   c o u l d  be considered 
a s i n g l e  wave r e f l e c t i n g  back  and fo r th   a long   t he   t ube .  
This would eliminate  or  reduce  such  troublesome  considera- 
t i o n s  common to   t h ree   d imens iona l   r eve rbe ra t ion  chambers 
as t h e  randomness  of t h e  sound f i e l d ,  modal dens i ty ,  and 
d i s t r i b u t i o n .   ( S e e   r e f s .  1 0  and  13.)   Other   potent ia l  
advantages   would   inc lude   the   por tab i l i ty  of the   appara tus ,  
t h e   f a c t   t h a t   t h e   o u t p u t  from  only  one  transducer  need  be 
evaluated,  and  the  exceptionally  wide  range  of  frequencies 
t h a t   a r e   a v a i l a b l e   i n   t h e   s i g n a l .  

A s  descr ibed   prev ious ly ,  an exceedingly compl.ex wave system 
occurs in t h e   t u b e   a f t e r   o n l y  a very few r e f l e c t i o n s   o f  
the  primary  shock wave. T h i s   s i t u a t i o n  would seem t o  favor 
such a reverbera t ion   t ime,  or  decay  rate,   technique  of 
absorpti-on  measurement,   since  after a short   per iod  of   t ime 
t h e   i n t e r a c t i o n s   o f   t h e  waves  would become so f r equen t   t ha t  
they  could be consid-ered  continuous  from a macroscopic  point 
of view. The r e s u l t a n t   v a r i a t i o n s   i n   t h e  shock s t r eng th  
cou.ld t h e r e f o r e  be 1-umpcd i n t o  one  propagation  loss  term. 
The measurement  of  a.bsorption  would therefore   only  involve a 
measurement of t h e  shock s t r eng th   decay   r a t e   o r   r eve rbe ra t ion  
time. However, as w i l l  be d i scussed   i n  a l a t e r   s e c t i o n ,  
other   considerat ions  were  found  to   completely  negate   these 
p o t e n t i a l  adva.ni-.ayes. 

Another  possib1.e  approach i s  t o   t r e a t   t h e  shock wave as a 
normal ly   inc ident   acous t ic   pu lse ,  and  determine  the 
absorp t ion  from t h e   r a t i o   o f   t h e   r e f l e c t e d   t o   t h e   i n c i d e n t  
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1 

pu lse  amplitude. I n  p r i n c i p l e ,   t h i s  method  would be 
expected t o  r e s u l t  j.n g rea t e r   da t a   s ca tke r   t han   t he   r eve r -  

beration  tecl-mique due 'SO t h e  many per turba t ions   exper ienced  

by any  given wave t r a v e r s i n g  a length  of the   tube .  I n  
p r a c t i c e ,  it can  be made t o   y i e l d  more a c c u r a t e   r e s u l t s ,  
a l though  on ly   wi th   exper imenta l ly   d i f f icu l t   t echnique .  

A thirci  approach,  which i s  an extensior? of t h e  above  technique, 

would he t o  expand the   shock   t o  weaken i t .  Su.ch an  approach 
would reduce  any  de1eteriou.s  effects res'u1tS.ng  from t h e  

l a rge   p re s su re  jump in t h e  normal  shock  tube,  which i s  

a t   l e a s t   p a r t i a l l y   r e s p o n s i b l e   f o r   t h e   d e f i c i e n c i e s   o f   t h e  

o thcr  two methods.  Thus,  expanding  the  shock  and  treating .i.t 

l i k e   a n   a c o u s t i c   p u l s e  would help  br idge  the  gap i n  i n t e n s i t y  

betwccn conven-is.io~~a1.  measurement techniques and t h e  shock 
tube  method. A n  apparatus   designed  to   accornpl ish  this  i s  

shown i n  Figure 28.  The shock  tube  cross-sectional.  area i s  

exponent ia l ly   increased  by a fact-or of 2 0  i n   t h e   t r a n s i t i o n  
SC!Ct iG11,  r e s u l t i n g  i n  a reduct ion  in a c o u s t i c   p r e s s u r e  of 1.3 d ~ .  
This  approach  has shown cons iderable  prom\j.sc, but the  progra.m 
was concluded.  before  definitive  expcrinlents could. be  performe6 
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inv io lab ly   t aken  as  I.ess t han   o r   equa l   t o   un i ty ,   Th i s  con- 
d i t i o n  no longer   holds  i n  a shock  tube',  however, b7here 
r e f l ec t ion   coe f f i c i en t s   g rea t e r   t han   un i ty   have  been 
measured  with  the  experimental  arrangement of Figure 24. 
Such a s i tua t ion   does   no t   v io l a t e   t he   conse rva t ion   o f  
energy, of course,   but  merely means t h a t  some energy  has  been 
t r a n s f e r r e d   t o   t h e   s p e c t r a l  band being  measured from some 
o the r   spec t r a l   r eg ion   du r ing   t he  t i m e  i n t e r v a l  between t h e  
m'easurement of the   inc ident   and   the   re f lec ted   pu lse   ampl i tude .  
This   s i tuat ion  does,   however ,   present  some problems when 
formula t ing   an   express ion   for   the   absorp t ion   coef f ic ien t .  
L inea r   fo rmula t ions   con ta in   t he   cons t r a in t ,   e i t he r   imp l i c i t l y  
o r   e x p l i c i t l y ,   t h a t   t h e   r e f l e c t i o n   c o e f f i c i e n t   f o r  any 
su r face  be e q u a l   t o   o r  less than  unity.   This  does  not 
n e c e s s a r i l y   h o l d   f o r   f i n i t e   a m p l i t u d e  waves. 

One  way of   c i rcumvent ing   th i s   s i tua t ion  i s  t o   s e t   t h e  
a,bsorption of t h e  sample  equal t o   t h e   r e d u c t i o n   i n   a m p l i -  
tude  of t h e   r e f l e c t e d  shock  with  the  sample  terminating  the 
tube  compared t o  i ts  amplitude  reduction  with a r i g i d  
terminat ion.  

In   other   words,  we w i l l  s a y   t h a t   t h e   r e f l e c t i o n   c o e f f i c i e n t  
of a sample  measured by the   p ressure   sensor  i s  a function  of 
b o t h   t h e   a c t u a l   r e f l e c t i o n   c o e f f i c i e n t  of the  sample  and  the 
r e f l e c t i o n   c o e f f i c i e n t   o f  a r ig id   t e rmina t ion  a t  tha t   par t icn1a . r  
frequency  and  incident  shock  strength.   Stating  this  mathematic- 

a l l y ,  
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where R, = t h e  measured r e f l e c t i o n   c o e f f i c i e n t  of t h e  
sample 

c o e f f i c i e n t  of the  sample 

c o e f f i c i e n t  of t h e   r i g i d   t e r m i n a t i o n  

f (R  ) = an   a rb i t r a ry   func t ion  of t h e   a c t u a l   r e f l e c t i o n  
S 

g (R1 ) = a n   a r b i t r a r y   f u n c t i o n  of t h e   r e f l e c t i o n  

The func t iona l   re la t ionship   be tween  these  terms can be 

determined  expl ic i t ly   by  applying  the  fol lowing  three 
c o n d i t i o n s .   F i r s t ,   i f  Rs=O ( tha t  is ,  a s = l O O % ) ,  

then w e  must  have R,=O, s i n c e   i f   t h e  sample  absorbs a l l  
t he   i nc iden t   ene rgy ,   t hen   by   de f in i t i on   t he re  i s  no 

r e f l e c t i o n .   T h a t  i s ,  

i) f o r  R =0, K,=O, 

or o=f (0 )  CJ (11; ) 

S 

For a non- t r iv i a l   so lu t ion ,  f (0) -0 ,  so t h a t  f (Rs) can be 

set e q u a l   t o  an a rb i t ra ry   po lynomia l :  

w h e r e   t h e   f i r s t ,   o r   c o n s t a n t ,  term must be zero.  

Next, i f  R =1, then   by   def in i t ion   the   sample   appears  

i d e n t i c a l   t o   t h e   r i g i d   t e r m i n a t i o n   a n d   r e f l e c t s   a l l   t h e  

incident   energy.   Therefore ,  

S 

ii) f o r  R =1, Rp-R1 
s 

ox, from (10)  and (il),  
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As a t h i r d   c o n d i t i o n ,  any r e l a t i o n s h i p  of t he  form (10) 

must converge t o  R, =Rs i n  t h e  low i n t e n s i t y  l i m i t .  I n  t h i s  
l i m i t ,  

from  which B=C=D.. .=O. Therefore (12) becomes 

from  which A = l ,  s i nce  A is  cons tan t  and  independent of R~ . 
If A=l , then (13) becomes 

S u b s t i t u t i n g   t h e s e   r e s u l t s   i n t o  (11) , 

Therefore,  ( L O )  becomes K, =RsR1, or 

L 

R s  - x R3 

which  simply s t a t e s   t h a t  w e  a re   u -s ing   the   ac tua l   va lue  of 
t h e   r e f l e c t i o n   c o e f f i c i e n t  of a r i g i d   s u r f a c e   a s  a basis 
for  determining Rs ,  r a ther   than  an arb5.traxj.ly  assicjncd value 
of u n i t y  . 
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It has  been shown t h a t   t h e  wave system is  extremely  complex 
a f t e r   t h e   f i r s t   r e f l e c t i o n  and t h i s  i s  inore so for   the   expans ion  

tube.  Th.is precludes  the use  of  any  data  reduction  technique 
other   than  ampli tude  reduct ion of t h e   i n i t i a l  shock.  Equation 

(14) is employed wi th   t he   a id   o f  which i.t can e a s i l y   b e  

shown ( see   t he   s ec t ion  on the   t one   bu r s t   t ube )   t ha t   t he   p re s su re  
r e f l e c t i o n   c o e f f i c i e n t  is given  by 

r = -  'rs 
S 'ro 

I 

where prs = r e f l e c t e d  PPL with a  sample  termination 

Pro = r e f l e c t e d  PPL with a r ig id   t e rmina t ion  

when the   i nc iden t  PPL' s a re   equa l .  

Another  poso i b l e  method  of  determining  the  absorption  coefficient 

of a sample  of  absorptive  material  with  the  shock  tube is by 
measur ing   the   ra t io   o f   re f lec ted   to   inc i .dent   shock   pressure  jump 

as  recorded  with an oscil l .oscope camera fo r   t he   bas i c ,   cons t an t  

a rea  sllock tube.  The e n t i r e   p r o c e s s  of  shock  energy  decay  can 

be  recorded  and  analyzed i n  t h i s  manner  by success ive ly  in- 
creasing  the  t ime  delay  between  diaphragm  rupture and oscil . loscope 

t r i g g e r i n g .  Each s u c c e s s i v e   r e f l e c t i o n  fron the   sample  surface 

could  then  be  an.al.yzed t o   c a l c u l a - t e   t h e   a b s o r p t i o n   c o e f f i c i c n t  

from Equation (15) . 

The ini t ia l .   concept  was t o   t r e a t   t h e  shock  tu.be as a one-dimensional. 

reverbera t ion  cham be:^. Fol.l.owing t1li.s l i n e  of  thought, an express- 
ion f o r  Rs i n  terns   of   the   reverberat ion  t ime can be  derived  with 

the  aid of Equat.j.on (14.) . Referr ing t o  the foil-owincj diagram, we 
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assume tha t   t he   shock  wave ref lects  back  and  for th  in t h e  tube  
u n t i l   t h e   e n e r g y  is  d i s s ipa t ed ,   and   t r ea t   t he   shock  tube a s  
a one-dimensional  reverberation  chamber,  with  sample  absorption 
of energy  occurring a t  d i s c r e t e  t i m e  inverva ls   ra ther   than  
continuously.  Keeping  in mi.nd t h e  wave diagram  of  Figure 26, 
it is a p p a r e n t   t h a t   i n t e r a c t i o n  of the  shock wave wi th   o the r  
waves may appear as a t ransmission loss t e r m  along  with w a l l .  
losses. These  losses w i l l  be t r e a t e d  as continuous  throughout 
the   l ength   o f   the   tube   and  lumped i n t o  one  propagation loss 
term p e r  t rans  it. 

where Eo i s  t h e  i n i t i a l   e n e r g y  i n  t he  shock wave and e i s  

the  energy  remaining  af ter   the   shock  has   t raveled x f e e t  
down the   tube   wi th  no in t e rven ing   xe f l ec t ions  from a tube 
end. 

Beginning  with  diaphragm  rupture,  the  energy i.s d i s s ipa t ed  
a s  .shown i n  the  diagram  below. End @ can be terminated 
e i t h e r   w i t h   t h e  sarnp1.e of i n t e r e s t   o r   w i t h  a r i g i d   p l a t e ,  
while  end @ is  always a r i g i d   p l a t e .  

Pressure 
Sensor 

I"-- q" L,-d 

@ riii--" I l e  
L 



a f t e r  n r e f l e c t i o n s ,   t h e  energy i s  

n n  
" -na L 

6 =soRl L ' R 2 2 e  n 

This   expression i s  c o r r e c t   t o  be t te r  than  one tube length 

of   t rave l ,   which  i.s a good  approximation  for large n.  For 

a r i g i d   t e r m i n a t i o n   a t  end ( A ) ,  R2=R1 and (16)  becomes 

c =c0R1 e n -nzL 
n 

Now nL-ct  where c i s  the   p ropagat ion   ve loc i ty   ( taken  a s  
t h e  speed of  sound f o r  pressurc r a t i o s  of  i n t e r e s t   h e r e ) .  

Definj.ng the  reverberat ion  t ime To a s  t h e  tirne required 

fo r   t he   ene rgy  t o  decay t o  cne   mi l l ion th  i t s  i n t t i a l   v a l u e ,  

where In i.s the   na tu ra l   l oga r i thm.  

For a samp1.e t e r m i n a t j o n   a t  end ( A )  , t h e  same process 
y i e l d s  

where Ts i s  t h e  reverberat ion  t ime  with a sample. Subst i -  
t u t i n g   t h e   v a l u e  of ?L from ccpation (18), 
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T'aking the   na tura l .  1.ogarithm  of (14) g ives  lnR2-lnR, =lnRs ,  

so t h a t  

Rs = exp [-2x13.8& 
L C  

This   equa t ion   y ie lds   va lues   for   the   absorp t ion   coef f ic ien t  
which a r e  much too low. I n  an   a t t empt   t o   r e so lve   t h i s  
d i f f i c u l t y  a d i f f e ren t   fo rmula t ion  was t r i e d .   T h i s   a , l t e r n a t e  
approach  involves a d i f f e r e n t   d e f i n i t i o n   o f  shock s t r eng th ,  
and i s  a l s o  more complex i n  t h e   s e n s e   t h a t  a computer i s  

r equ i r ed   t o   ob ta in  a numerical  answer  from  the  final  equa- 
t i o n .  I t  is  necessary  to   modify and  expand the   no ta t ion  
somewhat a s  shown i n  the  diagram below. 

4"- wi 

wr 
-"+ 

I 
I - Pi 
I 
I 6- 
I 'r 

'n 

The no ta t ion  i s  as follows: 

Pn, n-O,l ,  2 , .  . . , N  = prcssure  jump measured by thc  
pressurc  sensol- a f - t e r  the n t h  
passage of  t h e  s h o c , I ;  

P j  = pressure  jump f o r  t h c  inc ident  shock 
t h a t  wouIci YJF: measured 7-~y a sensor 
loca ted  at: t he   su r f ace  of end @ . 

P = same, b u t  f o r   t h e   r e f l e c t e d  shock 
r j 
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P 
4 

0 t t t  
0 

output   f rom  an  ideal ized  sensor   near  end@.. 

Now t h e  shock  strength i s  def ined  as  

' i j  = excess   i nc iden t   shock   s t r eng th   fo r   t he   j t h shock  

'b- 'a 

'a 

P . .  

Pa 'ij a 
= " = 1 7  = (Refer To  Equation ( 9 ) )  

S = excess   re€ lec ted   shock   s t r rength   for   the   j thshock  
r j 

With t h i s   n o t a t i o n   t h e   r e f l e c t i o n   c o e f f i c i e n t   f o r   p r e s s u r e *  

i s  
s .  

r = 3. = 'rj _ _ _  -- 'a = -9 ____.._I 

P .  1 
Pi +Pa Pi Pij  1 4- Pija  

Note tha t   a s   t he   i nc iden t   shock   p re s su re  jump P becomes 
small, t he  expres s ion   fo r  r approaches the sma l l   s igna l  
limit, a s   r e q u i r e d .  

i j a  

* A lower case r is used t o   r e p r e s e n t   t h c   g ~ e s s u r c  reflection 
c o e f f i c i e n t ,  w h i c h  i s  r e l a t e d  to t he   ene rgy   r e f l ec t ion  
c o e f f i c i e n t  b y  €? = r2, froin which =: 1 - r". 
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Now us in .g   these   def in i t ions  and  following  the same general   pro- 
cedure   t o   f i nd   t he   p re s su re  jump Pn measured  by the   p re s su re  
s e n s o r   a f t e r   t h e   n t h  passa.ge of the  shock  as was followed 
p r e v i o u s l y   t o   f i n d   t h e   e n e r g y  c n  remaining i n  the   shock   a f t e r  
n passages,  we end up with 

Now a rather  mild  assumption must  be  made t o   f i n d  an expression 
fo r   t he   va lue  of 

The assumption is t h a t   t h e   p r e s s u r e  jumps decay exponent ia l ly  
d u r i n g   a t   l e a s t   t h e   e a r l y   p o r t i o n  of t he  decay  process.  This 
is c e r t a i n l y  a reasonable  assumpti.on,  since it is  j.mpl.icit i n  
the  very  notion  of  reverberation  t ime  absorption  measurement.  
The diagram  below  depicts  a  decay  curve  traced  out on a 
l o g a r i t l m i c   l e v e l   r e c o r d e r .  The symbol T' r e f e r s   t o   t h e  
reverberation  t ime,  the  t ime  required  for  the  shock  pressure 
jump t o  decay t o  of i t s  i n i t a l   ' v z l u e .  

In P i j  

f 

0 T 

6 1  



It  can   ea s i ly  be shown t h a t  

c 

o r ,  s i n c e  j L  = c t ,  

Pija= Pilae -13.8 j L  
CT 

Therefore 

K = +- ( l+pi ja )  = ( l+Pilae -I3 -e 8L)(l-bPilae 
j-1 CT 

Proceeding   as   before  t o  f i n d  Rs, 
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Equation (20)  , l i k e   e q u a t i o n  (19) , yie lds   absorp t ion   co-  
e f f i c i e n t s  which a r e  much t o o  l o w .  These r e s u l t s   i n d i c a t e  
t h a t   f a i l u r e   o f  the shock  tube  reverberat ion  technique may 
be  fundamental,  and  due t o   t h e   f a c t   t h a t  a shock wave by 
i t s  v e r y   n a t u r e   t e n d s   t o   r e g e n e r a t e   i t s e l f   a s  it propagates.  
Thus, it may be t h a t   t h e   r e d u c t i o n   i n   a m p l i t u d e   r e s u l t i n g  
from r e f l e c t i o n  from the   absorp t ive   sample  is  p a r t i a l l y   o f f -  
se t  by t h i s   r e c o n s t r u c t i v e   p r o c e s s  by t h e  t i m e  t h e  shock 
f r o n t   h a s   t r a v e l e d  a tube  length.  

Application  of  the  Technique 

Figure 2 9  p resents   the   resu l t s   o f   an   eva lua t ion   of   the   shock  
expansion  technique  with a f iberglass   sample.  The agree- 
ment i n  t h i s   c a s e  i s  exce l l en t ,   a l t hough   t he   r e su l t s  of a 
s imilar ly   performed measurement with a resonant   fe l tmeta l  
abso rp t ive  sample a r e  much l e s s   pos i t i ve .   F igu re  30 shows 
t h e s e   r e s u l t s   f o r  a dr iver   p ressure   o f  3 .1  PSIG compared with 
t h e   c o r r e c t   r e s u l t s   o b t a i n e d  by the  tone--burst  method a t  a 
s l i g h t l y  lower PPL. Tes t s   a t   h ighe r   d r ive r   p re s su res   r e su l t ed  
i n   l a r g e   d a t a   s c a t t e r .  

Part   of  the  problem was tha t   t ube   l eng ths  were  such t h a t   t h e  
r e f l e c t e d   r a r e f a c t i o n  wave was reaching   the   p ressure   sensor  
a t   n e a r l y   t h e  sa.me time as t h e   r e f l e c t e d  shock wave. 

The shock re f lec t ion   technique ,   us ing   the   normal ,   cons tan t  
a r e a  shock  tube, was used t o  measure the  var ia t i .on  of  r i ,  t h e  
p r e s s u r e   r e f l e c t i o n   c o e f f i c i e n t   o f  a r ig id   t e rmina t ion ,   w i th  
time. The r e s u l t s   a r e  shown i n  Figure 31. 

The  1.arge e a r l y   s c a t t e r  may be a t t r i h u t a b l e   t o   i n t e r a c t i o n s  
with  other  waves,   whereas  these  processes become averaged  out 
a f t e r  a greater   t ime  lapse  and l o w e r  p ressure  so  t h a t   t h e y   a r e  
more o r   l e s s   cons t an t   ove r   t he   l eng - th   o f   t he   t ube .  The hi.gh 
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value of t h e   i n i t i a l   r e f l e c t i o n   c a n n o t  be explained by t h i s  
process,  however,  and may be  due t o  unaccounted  non-l inear i t ies .  
The ave rage   va iue   a f t e r  a 200 msec delay  agrees   very w e l l  wi th  

the   va lue   ob ta ined  by o the r  methods. 

Figur.e 32 shows a similar determination  of r2,  the  measured 
p r e s s u r e   r e f l e c t i o n   c o e f f i c i e n t   w i t h  a f i b e r g l a s s  sample i n  

one  end.  This  quantity is  seen   t o   va ry  much more d r a s t i c a l l y  

wi th   t ime ,   i nd ica t ing   t ha t   non- l inea r i t i e s   a s soc ia t ed   w i th  

the  ear ly ,   wel l - formed  shock  f ronts  may b e   c o n t r i b u t i n g   t o  

t h e   f a i l u r e   o f   t h e  shock  tube  technique. 

U t i l i z ing   equa t ion  (14.) and da ta   o f   t he   t ype  sho-m- i n  Figures 
31 and  32,  the  values of t h e  sample  absorpt ion  coeff i .c ient  

shown i n  Figure 3 3  and 34 a r e  obt.ai.ned.  Figure  31  indicates 

tha t   the   magni tude   o f   the   shock   s t rength  i s  not  a primary 

fac tor   in f luenc ing   the   va lue   o f  ct . Figure 34 shows t h a t  
p l o t s  of ver sus   t ime   t end   t o   conve rge   t o  a value  which i s  

i n  reasonable   agreement   with  the  value  obtained  with  an 

impedance tube.  

s 

S 

Thus ,   whi le   th i s   t echnique  i s  apparent ly   capable   o f   y ie ld ing  

co r rec t   va lues  of absorp t ion   coef f ic ien t ,   the   p rocedure  i s  

so experimentally awkward a s   t o   r e n d e s  it impractical .   as an 
a n a l y t i c a l   l a b o r a t o r y   t o o l .  

68 



I 

0 I 

4.2 L B / F T 3 ,  2 IN. THICK SAMPLE 
F = l K H r ,  Pq = 10.4 PSIG 

" 3 "T" 2 70 

t ,  M S E C  

30 

FIG.  3 2  VAEIA7'101\3 OF THE MEASIJREU PRESSLIRE REFLECTION 
COEFTICIENT FOF; A FIBERGLASS SAMPLE W I T H  TIUE 

69 



PPL ,ciE 

70 



IMPEDANCE TUBE , 

VALUE = 91% 

12.5 PSlG 

I 
i 

2 o! 
0 60 I20 180 240 300 360 420 

t ,  MSEC 

FIG. 34. VARIATION OF SAMPLE ABSORPTION COEFFICIENT WITH TI M E  A N D  P4 



CONCLUS I O N S  

Tons  Burst Tube Procedure 

The tone   bu r s t   t ube   t echn ique   o f   abso rp t ion  measurement  has 

been  developed  into a unique  and  useful   laboratory tool. The 

u t i l i ty   o f   the   t echnique   has   been   demonst ra ted   by   measur ing  

the   abso rp t ion   coe f f i c i en t   o f   f e l tme ta l ,   s in t e red   b ronze ,  
f iberglass,   and  Scottfoam,  and  comparing the r e s u l t s   w i t h   d a t a  
obtained on t h e  same materials  with  an  impedance  tube.   In 

add i t ion ,   t he  measurements on these  materials  have  been  extended 
t o   h i g h e r   i n t e n s i t i e s   t h a n   t h e  impedance  tube is  capable  of 

ach iev ing   to   demonst ra te   the   non- l inear i ty   o f   the   absorp t ion  

with  sound  intensi ty .  The measured  non-linearity  has  confor&d 

wi th   expec ta t ions   in   every   respec t .  I t  i s  t h e r e f o r e   f e l t   t h a t  
this   technique  has   been  demonstrated  to  be a v a l i d  and r e l i a b l e  

method of  absorption  measurement. 

It has   been   es tab l i shed   tha t   sample   s ize  is unimporCant,  subject 

to   the   cons t ra in t   tha t   sample   d iameter   remain  less than   ha l f  a 
wavelength a t   t h e   h i g h e s t   f r e q u e n c y   o f   i n t e r e s t .   T h i s   r e s t r i c t i o n  

a l so   p laces   an   upper  l i m i t .  on the  frequency  range;  the  lower 

l i m i t  is d i c t a t ed   by   t he   r equ i r emen t   t ha t   t he   i nc iden t  and re- 
f l e c t e d   p u l s e  do no t   ove r l ap   i n   t ime  a t  t h e  microphone  location. 

In   other   words,   tube  length  places   the  lowes bound  on the  

frequency  range. 

During t h i s  program PPL was l imi ted   by   t ransducer   and   ampl i f ie r  

capab i l i t i e s .   I n   a l l   c a ses ,   commerc ia l ly   ava i l ab le   equ ipmen t  was 

employed.  Modified or speci .a l ly   designed  dr ivers  and a s p e c i a l  
power ampl i f ie r   ou tput   s tage   could   have   s ign i f icant ly   increased  

the  maximum PPL. 
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While the  technique is n o t   d i r e c t l y   a p p l i c a b l e  t o  the   ca se  
of   grazing  incidence or superimposed a i r  f low,   these   s i tua t ions  
can  be accommodated by u t i l i z i n g   t h e   t o n e   b u r s t   s i g n a l   i n  a 
t ransmiss ion   a t tenuat ion ,   ra ther   than  a r e f l e c t i o n   c o e f f i c i e n t ,  
measurement mode. 

Shock Tube Technique 

The shock  expansion  technique,  wherein  a  shock wave is  weakened 
by expansion  through  an  area  transformation,  appears  capable 
of successfu l ly   measur ing   the   zbsorp t ion   coef f ic ien t   o f  
m a t e r i a l s .  The r e s u l t s  of  limited  experimentation  were  extremely 
encouraging. 

The shock  tube  reverberat ion  technique  appears   to   be  unsui table  
fo r   abso rp t ion  measurement. I t  is  f e l t   t h a t   t h i s  is  because  a 
shock   f ron t   t ends   t o   r econs t ruc t   i t s e l f   a s  it propagates ,   thereby 
par t ia l ly   nega t ing   spec t ra l   absorp t ion   by   the   sample .  

The basic   concept   of   using  shock waves f o r  this measurement 
immediately  implies  that  extremely  high PPL's can   eas i ly  
be  generated.  I n  l i g h t   o f   t h i s   f a c t ,  it is recommended 
that   fur ther   experimentat ion  be  performed on t h e  shock  expansion 
technique. 
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